Introduction 52 53
Innate immune cells can recognize invading pathogens through pattern recognition receptors 54 (PRRs) (1). This feature allows for rapid recognition of invading pathogens and for a swift 55 onset of immune responses. De-regulation of PRR sensing signaling is associated with 56 pathogenic and autoimmune conditions (2, 3). 57 58 A wide range of PRRs localize in the endosomes and in the cytosol where they detect 59 bacterial and viral nucleic acids (3-5). In the endosome, Toll-like receptors (TLRs) sense 60 single-stranded (ss) and double-stranded (ds)RNA (TLR3), as well as conserved pathogen-61 derived ssDNA structures (TLR7/9) (6). Engaging these TLRs leads to the induction of pro-62 inflammatory cytokines like Interleukin (IL)-6, Tumor necrosis factor (TNF)-α, and type I 63 Interferons (IFNs) in an NF-kB-and MYD88/TRIF-dependent manner (6-9). In the cytosol, 64 viral dsRNA is recognized by the RIG-I-like family of receptors (RLRs) and MDA5 (5). 65
Through the adaptor protein IPS1/MAVS, proinflammatory cytokines and type I IFNs are 66 produced (5, 10). dsDNA present in the cytosol is primarily recognized by cGAS and AIM2, 67 which promote the production of type I IFNs and IL-1β through STING and ASC, 68 respectively (11, 12) . Other DNA sensors include RNA polymerase III, IFI16 and DAI (4, 5). 69 70 Recognition of pathogenic cytosolic DNA is influenced by sequence length, secondary 71 structures and nucleotide overhangs (3, 5). For instance, the right-handed (B) form of DNA is 72 well recognized by cytosolic DNA sensors (13, 14) . Furthermore, guanosine overhangs in 73 conserved Y-form DNA of retroviruses such as the human immunodeficiency virus type 1 74 (HIV-1) potentiate type I IFN production in human macrophages (15) . 75 76 Eukaryotic and microbial DNA also differ in their epigenetic landscape, in particular 77 methylation of adenines and cytosines. These modifications are catalyzed by DNA 78 methyltransferases (MTases). Adenine and cytosine methylations are found in DNA of most 79 prokaryotes (16) and are involved in bacterial defense, virulence, chromosomal replication, 80 and gene regulation (16, 17) . The best studied prokaryotic MTase is DNA adenine 81 methyltransferase (Dam). Dam was originally described in Escherichia coli and methylates 82 adenine in position N 6 (m6A) in 5'-GATC-3' DNA motifs, generating a G m6 ATC DNA motif 83 (18) . Other sequence motifs in a variety of prokaryotes can also carry m6A, depending on the 84 species (16). 85 4 86 Potentially, differences in methylation status could be used by the innate immune system to 87 discriminate pathogen-derived DNA from host DNA. For example, CpG motifs are mostly 88 unmethylated in microbial genomes (16), but frequently methylated in DNA across a variety 89 of human and mouse tissues (19, 20) . This difference is recognized by the PRR TLR9 (16, 90 17), leading to the production of inflammatory cytokines. Thus, recognition of CpG motifs 91 forms a prime example for immune cells to discriminate host DNA from the microbial 92 genome. 93
94
Much less is known about a putative immunogenic role of m6A in DNA. This modification is 95 present in human and mouse DNA, but it appears to be extremely rare (in the range of 0.0005 96 -0.05% of all adenines) (21, 22) compared to the pervasive presence in prokaryotic DNA 97 (16). This could thus be another basis for discrimination of host and pathogen DNA. Indeed, a 98 previous study showed that systemic injection of DNA containing one G m6 ATC motif resulted 99 in increased blood levels on the proinflammatory cytokines TNF-α, IL-6 and IL-12 in mice 100 (23). However, which cells respond to m6A-methylated DNA and through which innate 101 immune sensors has not been studied (24). Furthermore, it is not known whether m6A 102 recognition is restricted to G m6 ATC motifs or whether it is also observed in another sequence 103 context. 104 105 Here, we interrogated whether cytosolic delivery of G m6 ATC DNA provokes immune cell 106 response in innate immune cells, and if so, through which mechanism. We found that 107 synthetic dsDNA containing G m6 ATC motifs potentiates the response of murine macrophages 108 and dendritic cells. This recognition requires STING-mediated signaling. Importantly, m6A-109 methylation does not boost immune responses per se, but depends on the nucleotide sequence 110 context, a feature that is conserved in mouse and in human macrophages. 111 (BMMs) were generated by seeding 2 x 10 6 BM cells in a 100 mm non-tissue culture treated 126 dish in RPMI 1640 (Lonza) supplemented with 10% FCS, 2 mM L-glutamine, 100 U/mL 127 penicillin, 100 μ g/mL streptomycin and β-mercaptoethanol together with 15% L-929 128 conditioned medium containing recombinant M-CSF for 8 days at 37ºC and 5% CO 2 . 129
Medium was refreshed after 4 days. 130
Bone marrow-derived dendritic cells were generated with recombinant Flt3L (Flt3L-DCs) as 131 previously described (28). Briefly, BM cells were cultured at 1.5 x 10 6 cells/ml for 9-10 days 132 at 37ºC and 5% CO 2 in complete DC medium (RPMI 1640 supplemented with 5% FCS, 2 133 mM L-glutamine, 100 U/mL penicillin, 100 μ g/mL streptomycin, and β-mercaptoethanol) 134 supplemented with 30% conditioned medium from CHO cells producing murine recombinant 135 Flt3L (29). BMMs and Flt3L-DC cultures were 95-99% F4/80 + or CD11c + , respectively. 136 137
Generation of human monocyte-derived macrophages 138
Peripheral mononuclear blood cells (PBMC) were isolated from peripheral blood or buffy 139 coats of healthy individuals collected by Sanquin Blood Supply (Amsterdam, Netherlands). 140
The study was performed according to the Declaration of Helsinki (seventh revision, 2013). 
Cytosolic delivery of m6A-methylated dsDNA enhances macrophage and DC activation 197
We first examined whether N 6 -methyl-adenine (m6A) modifications in GATC motifs alters 198 the immunogenicity of dsDNA for macrophages and dendritic cells. The sequence we selected 199 for analysis is present in the genome of several bacterial strains, such as Escherichia coli, 200
Salmonella enterica and Klebsiella pneumoniae. The 34bp long sequence contains a cluster of 201 three GATC motifs but lacks CpG motifs (Table 2) . To exclude other immune stimulants in 202 the preparations, we used HPLC-purified oligos that were dissolved in endotoxin-free H2O. 203 m6A modifications are abundant in bacteria on both DNA strands, which prompted us to 204 study the response to double stranded DNA (dsDNA). We determined the integrity of the 205 generated dsDNA by measuring the melting temperature (Tm) of the m6A-methylated 206 (GATC DNA) or unmethylated (G m6 ATC DNA) dsDNA. As expected, m6A modifications 207 reduced the Tm of the dsDNA by ~5°C, as a consequence of altering the struture and by 208 destabilizing double stranded bonds (Table 2) . 209 210 Recognition of dsDNA by PRRs occurs primarily in the cytosol (3, 4). Therefore, to 211 determine whether m6A modifications alter the immunogenicity of dsDNA, we delivered the 212 dsDNA to marrow-derived macrophages from C57Bl/6J mice (BMMs) through transfection 213 with Lipofectamine 2000. As a control, we transfected Poly(dA:dT), a well-studied (B) form 214 dsDNA that elicits potent type I IFN response in both mouse and human cells (4). Within 6 h 215 of stimulation BMMs transfected with poly(dA:dT) showed increased expression of CD69 216 ( Fig. 1A) , an early macrophage activation marker (8, 30). Transfection with the 34bp 217 synthetic DNA sequences also resulted in increased CD69 expression ( Fig. 1A ). CD69 218 protein expression was even higher when cells were transfected G m6 ATC DNA compared to 219 unmethylated DNA (Fig. 1A) . CD69 expression was also increased at later time points, i.e. 220 24 h after transfection with G m6 ATC DNA (Fig. 1B) . The induction of CD69 expression 221 depended on intracellular delivery of the dsDNA, because the delivery of GATC or G m6 ATC 222 DNA without Lipofectamine 2000 did not induce expression of CD69 ( Fig. 1B) . 223
224
Macrophage activation with dsDNA leads to rapid transcription of inflammatory molecules 225 (31). To determine whether m6A-methylation alters the inflammatory gene expression profile 226 of macrophages, we measured the mRNA levels of Il6, Il10, Tnfα, Ifnβ and iNos. Il6, Il10, 227
and Tnfα mRNA levels were increased upon transfection with both DNA variants, and it 228 9 occurred irrespective of the methylation status of the dsDNA (Fig. 1C ). We also observed 229 increased mRNA levels of the early inflammatory genes Ifnβ and iNos, and both transcripts 230 were more potently induced upon transfection with G m6 ATC DNA (Fig. 1C; p=0 .005 and 231 p<0.0001, respectively). Similarly, bone-marrow derived DCs generated with Flt3L showed 232 increased levels of the costimulatory molecule CD86 upon transfection with G m6 ATC DNA 233 when compared to transfection with GATC DNA (Fig. 1D ). Thus, m6A modification in 234 GATC motifs promotes the gene expression of several key inflammatory molecules. 235 236 STING drives immune activation for both m6A-modified and unmodified DNA 237
We next interrogated which PRR mediates the recognition of the m6A-methylated dsDNA. 238 TLR3, TLR7/8 and TLR9 which detect nucleic acids (32) signal through MYD88 and TRIF, 239
the key adaptor molecules downstream of TLR signaling (8, 9). To determine whether TLRs 240 can sense methylated dsDNA, we generated BMMs from Myd88 -/-Trif -/mice. As expected, 241
Myd88 -/-Trif -/-BMMs failed to respond to the TLR4 ligand LPS after 6 h of stimulation, but 242 maintained their ability to respond to poly(dA:dT), which is sensed in an TLR-independent 243 manner (14)( Fig. 2A, B) . Transfection with GATC and G m6 ATC DNA resulted in identical 244 effects in Myd88 -/-Trif -/and wt BMMs, with higher CD69 expression upon transfection with 245 G m6 ATC DNA ( Fig. 2A, B ). This suggests that TLRs are dispensable for dsDNA recognition. 246
The adaptor protein IPS-1 that acts downstream of the dsRNA recognizing RIG-I-like 247 receptors (26, 33) was also not required for either GATC, or G m6 ATC DNA recognition ( Fig.  248 2C). 249 250 STING was identified as a key adaptor molecule of cytosolic DNA sensing (27). In line with 251 this, transfection of Sting -/-BMMs with dsDNA did not result in expression of CD69 protein 252 upon transfection (Fig. 2D ). The lack of recognition occurred independently of the m6A 253 modification (Fig. 2D) . Thus, STING is required to recognize cytosolic dsDNA, and this 254 recognition is permissive to epigenetic modifications within the DNA. 255 256 Enhanced BMM-activation by m6A methylated DNA is sequence specific 257
We then interrogated whether the increased immunogenicity of G m6 ATC DNA was a general 258 feature of m6A methylated DNA. In fact, in addition to the GATC sequence-specific Dam 259 Methyltransferase (MTse), a number of other m6A DNA MTses have been described (16, 18, 260 34). For instance, Thermoplasmata express a m6A MTse that recognizes CATG sequences 261 (16). Another m6A MTse found in Helicobacter pylori recognizes adenine within GTAC 1 0 motifs (35). To determine whether m6A methylations within these motifs also increased the 263 immunogenicity of DNA, we generated dsDNA with the identical 34 bp core sequence, but 264 with the GATC motifs exchanged to m6A-methylated or unmethylated CATG and GTAC 265 motifs (Table 2) . Similar to the GATC containing DNA, C m6 ATG and GT m6 AC DNA 266 displayed a reduced Tm compared to the respective unmethylated dsDNA (Table 2) , 267
indicating that m6A methylation also affects the strength of dsDNA bonds in these sequences. 268 269 Comparable to G m6 ATC DNA, transfecting BMMs with DNA containing GT m6 AC also 270 induced higher CD69 expression levels than its unmethylated counterpart (Fig. 3A) . However, 271 this was not the case for C m6 ATG DNA. Transfecting BMMs with DNA containing C m6 ATG 272 resulted in lower CD69 expression than transfection with the unmethylated DNA (Fig. 3A) . 273 Furthermore, whereas G m6 ATC and GT m6 AC were also superior in increasing Ifnβ, iNos and 274
Cxcl10 transcript levels compared to the respective unmethylated DNA, C m6 ATG-containing 275 DNA rather hampered the induction of these key inflammatory genes ( Fig. 3B-D To determine whether the observed differences in sequence-specific immunogenicity was also 282 found in humans, we generated M-CSF derived macrophages from peripheral blood derived 283 monocytes and compared the gene expression levels of effector molecules upon DNA 284 transfection. Comparable to murine macrophages, transfecting human macrophages with 285 G m6 ATC-containing DNA resulted in higher induction of CXCL10 mRNA compared to 286 unmethylated DNA (Fig. 4A) . The increased immunogenicity of DNA was also conserved for 287 GT m6 AC DNA (Fig. 4A) . In contrast, transfecting macrophages with C m6 ATG DNA again 288 lowered the induction of CXCL10 mRNA (Fig. 4A) . 289 290 Because the C m6 ATG sequence in transfected DNA blocked the induction of pro-291 inflammatory molecules in macrophages, we investigated whether this sequence instead 292 induced the expression of a prototypic anti-inflammatory cytokine, IL-10. However, we did 293 not detected increased IL10 mRNA levels with any of the m6A methylated DNA sequences 294 when compared to mock-transfected cells (Fig. 4B ). In conclusion, the sequence-specific 295 immunogenicity by m6A-methylated DNA motifs is conserved between mouse and human. Recognition of intracellular dsDNA is an important process that can occur during microbial 298 infection and after cell damage (3). Whereas length and structure modulate the 299 immunogenicity of DNA, we show here that this is also true for m6A-methylation. This 300 increased antigen recognition is observed at all different tested time points and doses. Immune 301 recognition of m6A-methylated DNA is identical to unmethylated DNA in that it is 302 independent of MyD88/TRIF and IPS-1 signaling but requires STING. Which molecule 303 recognizes the sequence and how the m6A methylation influences the immunogenicity is yet 304 to be determined. Interestingly, in E. coli, m6A-methylation was shown to affect the 305 oligonucleotide structure and -as a consequence -the binding to the DNA binding protein 306 IHF (36). Here, we observed different Tm in the presence or absence of m6A-methylation in 307 the dsDNA, indicative for alterations in the secondary structure of DNA. This alteration could 308 potentiate the binding affinity of DNA to its cytosolic receptor. Although less likely, m6A-309 methylation could also lead to limited recognition by cytosolic nucleases and thus support a 310 prolonged exposure to DNA sensors, or enhanced transfection efficiency of DNA. It is 311 tempting to speculate that C m6 ATG motifs differ in structure from G m6 ATC and GT m6 AC 312 motifs, which interferes with recognition of DNA sensors and thus dampens the 313 immunogenicity of dsDNA. 314
315
In conclusion, our study identifies a new role for m6A-DNA methylation in regulating innate 316 immune responses to cytosolic DNA. Whether the observed sequence-specific recognition of 317 m6A-methylated DNA is a specific feature of synthetic DNA or stems from different immune 318 responses to various bacterial strains is yet to be determined. Overall, our findings may help 319 to increase the immunogenicity of DNA vaccines and could potentially pave the way to 320 unravel novel mechanisms of pathogen recognition and evasion in innate immune cells. Depicted are also the motifs recognized by prokaryotic methyltransferases (MTses), and examples of bacterial strains expressing the MTses.
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